Leptopoma is a species rich genus with approximately 100 species documented according to shell morphology and animal anatomy. Many of the Leptopoma species are described in terms of shell size, shape, sculpture and colour patterns of a small number of examined materials. However, the implications of the inter-and intra-species variations in shell form to the taxonomy of Leptopoma species and the congruency of its current shell based taxonomy with its molecular phylogeny are still unclear. Over the last decade, more than 900 collection lots consisting of more than 4000 Leptopoma specimens have been obtained in Sabah and deposited in BORNEENSIS at Universiti Malaysia Sabah. Access to this collection gave us the opportunity to examine the geographical variations in shell forms and the phylogenetic relationship of Leptopoma species in Sabah. The phylogenetic relationship of three Leptopoma species was first estimated by performing maximum likelihood and Bayesian analysis based on mitochondrial genes (16S and COI) and nuclear gene (ITS-1). After this, a total of six quantitative shell characters (i.e. shell height, shell width, aperture height, aperture width, shell spire height, and ratio of shell height and width) and three qualitative shell characters (i.e. shell colour patterns, spiral ridges, and dark ring band in aperture) of the specimens were mapped across the phylogenetic tree two Leptopoma species, these also pointed to intra-species differences between populations from different locations. This study provides an initiation to resolve the taxonomy conundrum for the remaining 100 little known Leptopoma species from other regions and highlights a need to assess variations in shell characters before they could be used in species classification. 8 Abstract. Leptopoma is a species rich genus with approximately 100 species documented 9 according to shell morphology and animal anatomy. Many of the Leptopoma species are described 10 in terms of shell size, shape, sculpture and colour patterns of a small number of examined 11 materials. However, the implications of the inter-and intra-species variations in shell form to the 12 taxonomy of Leptopoma species and the congruency of its current shell based taxonomy with its 13 molecular phylogeny are still unclear. Over the last decade, more than 900 collection lots 14 consisting of more than 4000 Leptopoma specimens have been obtained in Sabah and deposited in 15 BORNEENSIS at Universiti Malaysia Sabah. Access to this collection gave us the opportunity to 16 examine the geographical variations in shell forms and the phylogenetic relationship of Leptopoma 17 species in Sabah. The phylogenetic relationship of three Leptopoma species was first estimated by 18 performing maximum likelihood and Bayesian analysis based on mitochondrial genes (16S and 19 COI) and nuclear gene (ITS-1). After this, a total of six quantitative shell characters (i.e. shell 20 height, shell width, aperture height, aperture width, shell spire height, and ratio of shell height and 21 width) and three qualitative shell characters (i.e. shell colour patterns, spiral ridges, and dark ring 22 band in aperture) of the specimens were mapped across the phylogenetic tree and tested for 23 phylogenetic signals. Data on shell characters of Leptopoma sericatum and Leptopoma pellucidum 24 from two different locations (i.e. Balambangan Island and Kinabatangan) where both species 25 occurred sympatrically were then obtained to examine the geographical variations in shell form. 26 The molecular phylogenetic analyses suggested that each of the three Leptopoma species was 27 monophyletic and indicated congruence with one of the shell characters (i.e. shell spiral ridges) in 28 the current morphological-based classification. Other qualitative and quantitative shell characters 29 were incongruent with the Leptopoma species phylogeny. Although the geographical variation 30 analyses suggested some of the shell characters indicating inter-species differences between the 31 two Leptopoma species, these also pointed to intra-species differences between populations from 32 different locations. This study provides an initiation to resolve the taxonomy conundrum for the 33 remaining 100 little known Leptopoma species from other regions and highlights a need to assess 34 variations in shell characters before they could be used in species classification. 
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235 Two-way ANOVA showed that all shell quantitative characters (except aperture height) differed 236 between the two locations ( Table 2 ). In addition, all shell quantitative characters except shell width 237 and aperture height also differed between the two species. There was interactive effect of species 238 and location on the aperture height, shell spire height and ratio between shell height and width.
240
Chi-square analyses indicated significant association between the frequencies of shell 241 colour patterns and both the factors of species identity (Fisher's exact test: p =0.0000) and location 242 (Fisher's exact test: p=0.0000). Similarly, there was significant association between the 243 frequencies of the presence of the dark ring band in the aperture and both the factors of species 244 identity (Pearson's Chi-Squared with Yates' continuity correction: X 2 (1, N=249) = 4.88, 245 p=0.0271) and location (Pearson's Chi-Squared with Yates' continuity correction: X 2 (1, N=249) 246 = 12.910, p=0.0003). Both contingency tables are available in Table S5 the two species. In this study, results suggested that the two species could be unequivocally 272 regarded as separate. In short, the findings of this study are in line with past research which 273 proposed that a combination of morphology and molecular approaches could improve taxonomy 274 of land snails.
276
A morphological character is assumed to have strong phylogenetic signal when the same 277 character clusters together within closely-related species . This could be a 278 useful diagnostic indicator for species delimitation. The phylogenetic signal tests showed that 279 spiral ridges had a significant phylogenetic signal (λ=1, K>1). Distinct spiral ridges were present 280 in L. sericatum and L. atricapillum while L. pellucidum had weak spiral ridges. This indicated that 281 weak spiral ridges might be an automorphy character for L. pellucidum which could be useful in 282 discriminating L. pellucidum from L. sericatum and L. atricapillum. This result was in agreement 283 with where spiral ridges were also used as a key to delimitate between L. 284 pellucidum and L. sericatum.
286
The presence of a dark ring band in the aperture of land snails has not been observed in 287 other Cyclophorids and was not mentioned in other revision works of Leptopoma species. A 288 phylogenetic signal test showed that the presence of a dark ring band exhibited a significant 289 phylogenetic signal. However, this character was found to be strongly affected by geographical 290 variations when two species from two different locations were compared. All shells with a dark 291 ring band located in the shell aperture were collected from a single location in Kinabatangan, i.e. 292 the Tabin Wildlife Reserve area. The dark ring band was presented in both species with L. 293 pellucidum showing more instances than L. sericatum. The underlying causes of the presence of 294 this shell character remain yet unknown. Compared to results from phylogenetic signal test, the 295 presence of a dark ring band in the shell aperture would not be a reliable character to distinguish 296 between Leptopoma species due to geographically-induced morphology variations.
298
Shell colour patterns are usually used as key determinants to discriminate between species 299 in traditional morphology classification. One of the sister taxa of Leptopoma, the species in genus 300 Cyclophorus, was distinguished unambiguously based on shell patterns that were also supported 301 by molecular data (Nantarat et al., 2014b 306 unlike Cepaea land snails that have been studied extensively, the causal mechanism for the 307 Leptopoma land snail's diverse shell colour patterns is still unknown. This study also revealed that 308 the Leptopoma species exhibits idiosyncratic differences between locations in the degree of shell 309 polymorphisms. For example, the Leptopoma population at Balambangan Island has more shell 310 colour patterns as compared to the population at Kinabatangan. As a result, the geographically-311 induced variations in shell colour patterns and weak phylogenetic signal strongly suggest that shell 312 patterns should not be used as a diagnostic character for the genus Leptopoma. This study has only revealed partial information on the phylogenetic and morphology 327 variations of all Leptopoma species in their entire distribution range. However, despite its small 328 geographical scale, the study has resolved taxonomic uncertainties of three Leptopoma species and 329 revealed notable variations in both the quantitative and qualitative shell characters for the species. 330 From the findings it is clear that any attempt of the taxonomy works on the rest of ca. 100 331 Leptopoma species in the future should consider the possible caveats in using the shell characters 332 as the sole evidences and should instead include molecular phylogeny in the study. 334 This study represents the first attempt to conduct phylogenetic investigation into the genus 335 Leptopoma and provides phylogenetic assessment of the genus in Sabah. The results 336 unambiguously separate L. pellucidum, L. sericatum and L. atricapillum into three distinct 337 monophyletic groups, and highlight substantial congruence among the traditional morphological 338 classifications based on spiral ridges and molecular phylogeny of the Leptopoma species in Sabah. 339 After performing the phylogenetic signal tests, it can be stated that all quantitative and many 340 qualitative shell characters are not reliable diagnostic indicators for discriminating between the 341 Leptopoma species due to the considerable geographical variations in shell form. This study 342 represents an attempt to resolve the taxonomy conundrum for the remaining 100 little known 343 Leptopoma species from other distribution regions. Further studies that include more samples from 344 a wider geographical reach are recommended. were not represents in the figure. Number behind each specimens of Sabah Leptopoma species refer to specimen number as in (Table S1 in Tree as in Figure 3 , which only 14 adult of the three Leptopoma species were included whereas the juvenile specimens together with other outgroup taxa were dropped from the tree. Different categories of the three qualitative shell characters: spiral ridges, shell colour patterns and dark ring band in aperture (referred to Figure 1A , 1B, 1C respectively) were represented by different colour of the squares; and the six shell quantitative measurements: 
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